Endoglin (CD105), an accessory protein of the TGF-β receptor superfamily, is highly expressed on endothelial cells. Hereditary hemorrhagic telangiectasia type 1 (HHT1) is associated with mutations in the Endoglin gene, leading to haploinsufficiency. To generate a disease model and ascertain the role of endoglin in development, we generated mice lacking 1 or both copies of the gene. Endoglin null embryos die at gestational day 10.0-10.5 due to defects in vessel and heart development. Vessel formation appears normal until hemorrhage occurs in yolk sacs and embryos. The primitive vascular plexus of the yolk sac fails to mature into defined vessels, and vascular channels dilate and rupture. Internal bleeding is seen in the peritoneal cavity, implying fragile vessels. Heart development is arrested at day 9.0, and the atrioventricular canal endocardium fails to undergo mesenchymal transformation and cushion-tissue formation. These data suggest that endoglin is critical for both angiogenesis and heart valve formation. Some heterozygotes, either with an inbred 129/Ola or mixed C57BL/6-129/Ola background, show signs of HHT, such as telangiectases or recurrent nosebleeds. In this murine model of HHT, it appears that epigenetic factors and modifier genes, some of which are present in 129/Ola, contribute to disease heterogeneity.
Introduction
Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular dysplasia that affects 1 in 10,000 individuals. It is heterogeneous both between and within families in age of onset and severity of clinical manifestations (1) . The first symptom of HHT is generally epistaxis, whereas telangiectases are highly variable. Gastrointestinal bleeding usually occurs later in life, and 10-25% of patients develop life-threatening complications such as pulmonary or cerebral arteriovenous malformations (AVMs). This heterogeneity has been explained in part by the identification of 2 distinct genes. Endoglin (End) is mutated in HHT1 (2) and is associated with a higher incidence of pulmonary AVMs than HHT2, a milder form of the disease with a later onset; HHT2 is the result of mutations in the ALK-1 gene (3-7). We have shown that mutated endoglin is expressed rarely in HHT1 patients, and, when present, it is found exclusively as an intracellular species (8) . The normal copy of endoglin is expressed at the cell surface at levels half of normal, suggesting that haploinsufficiency is responsible for HHT1 (8, 9) .
Human endoglin (CD105) is a homodimeric transmembrane glycoprotein constitutively expressed at high levels on endothelial cells of capillaries, veins, and arteries (10, 11) . Murine endoglin is found on all endothelial cells and on mesenchymal stromal cells in several tissues (12) . Endoglin binds TGF-β 1 and TGF-β 3 through its association with TGF-β receptor II (TβRII) (13) (14) (15) and modulates several responses to TGF-β 1 (16, 17) . It also binds activin, BMP-7, and BMP-2 by interacting with their respective ligand-binding receptors, suggesting that it is in the receptor complex for several growth factors of the TGF-β superfamily (15) .
We report here that deficiency in endoglin causes vascular and cardiovascular defects leading to embryonic lethality. Mice heterozygous for the mutation develop normally. However, some heterozygotes show clinical signs of HHT, providing the first animal model of HHT1.
Methods

Generation of End-deficient mice.
A murine endoglin genomic clone of 14.8 kb was isolated from a 129 SVJ library by screening with the nonradioactive dioxigenin (DIG)-system (Boehringer-Mannheim, Montreal, Quebec, Canada) with a full-length and a 5′-end fragment (583 bp) of murine endoglin cDNA (12) . The replacement targeting vector was engineered in 3 cloning steps and required the pSDKLacZ vector with a LacZ cassette and the pPNT vector with neomycin (Neo) and herpes simplex thymidine kinase (tk) cassettes for positive and negative selections. A 1426-bp SmaI endoglin fragment, containing the promoter area and terminating 8 bp upstream of the ATG, was used as 5′ homology region (5′ HR) and subcloned upstream of the LacZ cassette into the pSDKLacZ vector. A SmaI-BglII fragment (5100 bp of intron 1) was used as 3′ HR and ligated into the blunted XbaI (BamHI cohesive) site of the pPNT vector, upstream of the tk cassette. The 5′ HR and LacZ cassette were then inserted as a SalI fragment into the XhoI site, upstream of the Neo cassette in the pPNT vector. The LacZ and Neo genes thus replaced a region of 609 bp containing the End initiation codon.
The endoglin-targeting construct was linearized with NotI and electroporated into the 129/Ola-derived embryonic stem (ES) cell line E14. Colonies were subjected to positive and negative selections with G418 and ganciclovir (2 µM/mL) for 10 days. DNA was made from all resistant ES cell clones and digested with ScaI. Screening for proper recombination events was achieved by Southern blot analysis using a 32 P-labeled 5′ external probe (614-bp SmaI fragment) and a 1000-bp EcoRI-SacI LacZ internal probe to confirm single integration events (Figure 1a) . Positive ES cell clones were injected into C57BL/6 blastocysts yielding 4 fertile male chimeras, 2 of which gave germline transmission.
The first generation (F 1 ) of End +/-mice was produced by mating the chimeras with wild-type C57BL/6 females (Taconic Farms, Germantown, New York, USA). Eight F 1 C57BL/6 End +/-males were crossed with wild-type or C57BL/6 End +/-females for 4 generations. These F 1 -F 4 mice have a mixed genome of C57BL/6 and 129/Ola. The phenotype of End -/-embryos was analyzed on F 1 and F 2 intercrosses between C57BL/6 End +/-mice. F 1 C57BL/6 End +/-were also crossed with wild-type CD1 mice (Harlan Sprague Dawley, Indianapolis, Indiana, USA). These mice, with a mixture of CD1, C57BL/6, and 129/Ola genes, were maintained by backcrosses with wild-type CD1 for 3 generations. End +/-mice have also been generated on an inbred 129/Ola background (same strain as ES cells) by mating of the chimeras with wild-type 129/Ola (Harlan UK, Bicester, United Kingdom) and subsequent backcrossing for 2 generations. All studies were approved by the Ontario Cancer Institute Animal Care Committee.
Genotyping of mice. The mid-day of plug observation was counted as E0.5. Embryos of equivalent stage and generally from the same litter were used for comparative analyses. Genotypes of embryos were determined using DNA isolated from the yolk sac or a small piece of embryonic tissue; for postnatal DNA, tails were used. A multiplex PCR was designed to amplify 3 sets of primers in a single reaction that can distinguish End +/+ , End +/-, and End -/-alleles. All PCR reactions were run with initial denaturation for 2 minutes at 94˚C, followed by 30 cycles at 94°C for 30 sec- onds, 56°C for 35 seconds, and 68°C for 2.5 minutes, with a final extension at 68°C for 5 minutes. Reactions contained 300 ng DNA, 400 µM dNTP, 2.5 mM magnesium chloride (MgCl 2 ), 1 U AmpliTaq DNA Polymerase (Perkin Elmer, Roche Molecular Systems, Branchburg, New Jersey, USA), 40 pmol of primers ME1F and MEZR, and 20 pmol of the others. Selected primers, 5′→3′, were: ME1F (TAC-CTCTGGATACCGGATAAG), ME1R (AAGTTTG-GCATCCTATGAAAC), MEZR (AAATGTGAGCGAG-TAACAACC), ME2F (ATCTTACCCACTGAGCCATCT), and ME2R (CCCAGTCTACTCCGATTCTTA).
RT-PCR. RNA was extracted from E9.5 embryos using TRIzol Reagent (GIBCO BRL, Mississauga, Ontario, Canada), and 1 µg was used for cDNA synthesis using Superscript RT (GIBCO BRL). The cDNA was amplified for β-actin and endoglin using reported primers (12) . PCR conditions were similar to those used above, except for 30 cycles of extension at 72°C for 30 seconds, and a final one of 5 minutes, using 1.5 mM MgCl 2 and 200 µM dNTP.
Whole-mount β-galactosidase (β-gal) staining. Embryos or yolk sacs were dissected in PBS, fixed and stained as described (18), except for postfixation in 10% formaldehyde (Fisher Scientific Co., Nepean, Ontario, Canada). The embryos were paraffin embedded, sectioned (7-10 µm), and counterstained with 0.1% nuclear fast red (Fluka Chemica, Oakville, Ontario, Canada). Images were acquired with an Olympus BX50 microscope linked to a CCD video camera (Carsen Medical Scientific, Markham, Ontario, Canada) and digitized on a Power Macintosh G3 computer. Embryos obtained from matings of C57BL/6 End +/-mice were genotyped by multiplex PCR. Results from typing of an E9.5 litter are shown in Figure 1c . Two End -/-endoglin embryos expressed the 476-bp fragment of the recombinant allele and the 383-bp fragment from normal exon 2. Three wild-type (End +/+ ) embryos showed the normal PCR products for exon 1 (300 bp) and exon 2 (383 bp). Four End +/-embryos and the End +/-mother (#21) showed all 3 PCR products.
Results
Generation of endoglin null mice. A targeting construct was engineered to delete
To verify that the targeted mutation inactivated the gene, we examined expression of End mRNA in the embryos analyzed in Figure 1c . The 468-bp product corresponding to murine endoglin (exons 7-10) was present in the End +/-and End +/+ embryos, but absent from the 2 End -/-embryos. β-actin (550 bp) was expressed at equivalent levels in all embryos. Thus, no wild-type or truncated endoglin mRNA was detectable in End -/-mice ( Figure 1d ).
End -/-mice die in utero at E10-10.5. Expression of β-gal, under the control of the endoglin promoter in the targeting vector, recapitulated endogenous expression of endoglin in End +/-mice and facilitated the analysis of the End -/-phenotype in embryos. Examination of 103 E7.5-8.5 live embryos from C57BL/6 End +/-intercrosses revealed no obvious embryonic, placental, or yolk sac abnormalities and a normal 1:2:1 Mendelian ratio (Table  1) . At E9.0, End +/-and End -/-embryos were of similar size, and their vasculature was revealed by the staining associated with endothelial cells. The heart of several End -/-embryos appeared enlarged (Figure 2 ). At E9.5 the End -/-embryos showed signs of growth retardation featured by a smaller head, underdeveloped nasal processes, and branchial arches. The heart was still beating but edematous pericardium was seen (Figure 2) . At E9.0-9.5, 99 live embryos gave a normal Mendelian ratio. Of the 40 embryos analyzed at E10-10.5, only 7 were End -/-; 6 were dead with collapsed vasculature, edemic heart, and exten-
Figure 2
Arrest in development in End -/-embryos. β-gal expression driven by the End promoter was analyzed in whole End +/-and End -/-embryos. At E9.0, embryos are of similar size and their vasculature appears normal. The End -/-embryo shows an enlarged heart protruding forward (arrowhead). At E9.5, edematous pericardium (arrowhead) is observed in the End -/-embryo, which is growth-retarded compared with the End +/-embryo. At E10.5, the End -/-embryo is dead and is much smaller that the End +/-embryo. Bar: 500 µm.
sive tissue necrosis, and 1 showed irregular heart beats and extensive edema ( Figure 2 and Table 1 ). From E11.5 to 15.5, no End -/-embryos were found among 30, confirming that deficiency in endoglin leads to embryonic lethality at E10-10.5 (Table 1) . From a total of 136 born offspring, 33% were wild-type (End +/+ ), 67% were End +/-, and none were homozygous (End -/-), showing conclusively that the endoglin-null phenotype is lethal (Table 1) .
Yolk sac defects in End -/-mice. The primitive vasculature of the End -/-embryos and the early vascular plexus of the yolk sac were normal until E9.0. This suggested a defect in yolk sac remodeling, essential for the interconnection of embryonic and extraembryonic circulatory systems. Yolk sacs of End -/-embryos at E9.0-9.5 revealed an abnormal vascular plexus. At E9.0, vascular channels were numerous, lined with an intact endothelium, and filled with normal levels of primitive erythroblasts (Figure 3, a and b) . However, no branching occurred, in contrast to the End +/-yolk sac ( Figure 3, c and d) . At E9.5, vitelline vessels were completely absent from End -/-yolk sacs ( Figure 3 , e and f) and were replaced by enlarged and leaky channels that released their content into the yolk sac cavity (Figure 3, g and h) . This hemorrhage was evident in unstained embryos, which showed blood accumulating in the yolk sac cavity between the amnion and the yolk sac membranes (Figure 3, i and j) . We conclude that in the absence of endoglin, primitive vascular channels of the yolk sac did not form large vessels and were susceptible to rupture releasing hematopoietic precursors into the yolk sac cavity.
Internal hemorrhage and abnormal heart development in End -/-embryos. Direct microscopic examination of unstained whole embryos dissected away from the yolk sac at E9.0 revealed internal hemorrhages in End -/-embryos ( Figure 3, k and l) , suggesting that vascular defects were not limited to the extraembryonic vasculature. Histological sections of End -/-embryos showed blood accumulating in the peritoneal cavity indicating that endothelium integrity was compromised. The dorsal aorta or the observed dilated umbilical vein could be the source of the extravasated blood (Figure 3, m and n) . Thus, in the absence of endoglin, embryonic vessels are more fragile and susceptible to rupture.
End -/-embryos harvested at E9.0-10.5 had enlarged hearts and showed edematous pericardium when compared with their End +/-littermates ( Figure 2 ). Sagittal sections revealed major differences in heart development. Normal End +/-embryos showed signs of a progressively developing endocardium, such as increasing trabeculation and closure of the atrioventricular canal ( Figure 4 ). Endoglin expression, determined by β-gal activity, was also observed on cells undergoing endocardial-mesenchymal transformation and on the migrating mesenchymal cells that later form the atrioventricular cushion tissue (Figure 4) . In contrast, the End -/-embryos manifested defects in heart development from E9.0. The endocardium remained rudimentary in the primitive ventricle, whose lumen failed to close in the atrioventricular area. At E9.0, some embryos revealed an abnormally dilated endocardium in the common atrial chamber and the bulbus cordis (Figure 4) . No mesenchymal cells were detected in the heart of the End -/-embryos analyzed, indicating that endocardial-mesenchymal transformation, which leads to valve formation and heart septation, did not occur. At E10.5, the heart of the End -/-embryos was arrested, no longer beating, and with extensive necrosis.
End +/-mice develop clinical signs of HHT. Four generations of C57BL/6
End +/-mice (a total of 227) were examined over a period of 1 to 12 months for clinical manifestations of HHT. Sick animals were first recognized by ruffled fur, weight loss, and visible ear telangiectases. We observed 14 affected End +/-mice, 13 of the 20 with a light coat color and only 1 of the 207 with a dark coat color (Table 2 ). Some animals also had neck and tail telangiectases and bled from the nose or mouth, once or twice a week (Table 2) . Two mice died with extensive disease manifestations such as difficulty in breathing and internal hemorrhage. These C57BL/6 End +/-mice (F 2 -F 4 ) still have a mixed genetic background with 129/Ola, from which the light coat color is derived. To determine if the 129/Ola strain was associated with the disease phenotype, we generated End +/-mice on this inbred background. We also bred the mixed C57BL/6-129/Ola F 1 to CD1 mice, also of light coat color.
None of the 51 End +/-CD1 mice showed signs of disease when observed over 3-9 months. However, 5 out of 10 End +/-inbred 129/Ola mice showed visible telangiectases on the ears and 3 had nosebleeds, when observed over a period of 7 months (Table 2 ). Male 55.5 had its first nosebleed at 7 weeks and thereafter at a frequency of 2-3 times per week. Dried blood was noticeable around the nose after each bleed ( Figure 5 ). At the end of a bleeding episode spanning 18-24 hours, the hematocrit value was dramatically reduced relative to control mice (45 vs. 67), but was returned to normal 4 days later. Female 69.1 had nosebleeds at least once a week, starting at 10 weeks (Table 2 ). Its hematocrit measured on a day with epistaxis was comparable to that of a female control mouse (55 vs. 52). Hematocrit (a and c) . The End -/-yolk sac also has a highly vascularized plexus, but no vessel branching is observed (b and d) . At E9.5, a vitelline vessel (v) is readily detectable in the End +/-yolk sac (e); this intact vessel is full of primitive red cells (g). The End -/-yolk sac shows a disorganized capillary plexus and no vitelline vessels (f); abnormally dilated blood islands are seen (h), which have ruptured, releasing primitive erythroblasts toward the amnion (arrowhead). (i and j) Unstained E9.5 embryos, with yolk sac and placenta still attached. Bleeding in the yolk sac cavity (arrowhead) and edematous pericardium (arrow) are observed in End -/-embryo (j), compared with a littermate control (i). An unstained E9.0 End +/-embryo (k), dissected away from the yolk sac, is compared with an End -/-littermate (l), which shows internal bleeding (arrow). Sagittal sections stained for β-gal demonstrate the presence of blood (arrow) in the peritoneal cavity of the End -/-embryo (n), which is absent from the End +/-embryo (m). a, dorsal aorta; pc, peritoneal cavity; u, umbilical vein. Bar: 100 µm (a-h), 500 µm (i and j), 250 µm (k-n).
values were normal for 20 dark-coat color C57BL/6 End +/-male (58-70) and female (49-63) mice tested.
An ear telangiectasia in the 129/Ola End +/-affected male 55.5 is shown in Figure 5 . Direct microscopic examination of ear biopsies showed large dilated vessels at the periphery of the ear lobe, not seen in the normal control mice ( Figure 6, a and b) . These small vascular lesions generally lasted for 2-3 days and then ruptured and bled, often leading to partial ear necrosis. The β-gal-stained sections revealed the presence of abnormally dilated vessels, much larger than the capillaries seen normally in the ear ( Figure  6, c and d) . One such dilated vessel corresponding to a telangiectasia is shown at higher magnification along with several normal capillaries (Figure 6e) . Female 102.6, progeny of male 55.5, showed several tail telangiectases and tail bleeding, frequent nosebleeds, and slower development, and died at 7 weeks.
Discussion
The endoglin promoter-driven expression of β-gal activity allowed us to establish that endoglin is expressed normally on the endothelium of End -/-embryos and extraembryonic structures, such as yolk sac and placenta, until E9.0. This implies that in situ differentiation of endothelial cells from mesodermally derived precursors, their assembly into the primary capillary network of yolk sac, placenta, and embryo, and the generation of primitive vessels connected to the primordia of the heart do not require endoglin. These early steps of vasculogenesis are thus normal. Vascular development then includes proliferation and migration of endothelial cells that lead to growth and remodeling of the initially homogeneous capillary network by branching to form small and large vessels (19) . Our results suggest that endoglin plays an important role in these angiogenic processes.
The primary capillary plexus of the yolk sac expressed endoglin as detected by β-gal activity. In the End -/-yolk sacs, the blood islands at E9.0-9.5 dilated and fused to generate abnormal and irregular channels that lysed and released their primitive erythroblasts into the yolk sac cavity; the normal vitelline vessels were not formed. Li et al. (20) have observed that End -/-embryos died in utero at E11.5 and that no large vessels were observed in the yolk sac. It was suggested that angiogenesis was defective because of a scarcity of vascular smooth muscle cells in yolk sac and embryonic vessels occurring before the cardiogenesis defects, which were not described (20) . These mice, like ours, were crossed into C57BL/6, but the ES cells were of 129/SVJ origin rather than 129/Ola. Although these 2 strains are highly related, this might explain the delayed phenotype observed in their studies. In our case, both yolk sac and heart defects were observed simultaneously at E9.0, and all mice died by E10.0-10.5.
Contact between endothelial and mesenchymal cells in a developing vessel was proposed to activate TGF-β1, which induces differentiation of mesenchymal cells into pericytes and smooth muscle cells, stabilizing the endothelial tubes (21) . Mice deficient in TGF-β 1 
or TβRII
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Figure 4
Heart deficiency in End -/-mice. Transverse sections from whole-mount embryos stained for β-gal activity are shown. The E9.0 End +/-embryo shows staining associated with the endocardium in the ventricular compartment (v) and tightly delineated in the atrioventricular region (av). The endocardium of the End -/-embryo is rudimentary, with an abnormally large lumen in the common atrial chamber (a) and the bulbus cordis (b). At E9.5 increased trabeculation is observed in the ventricle of the End +/-embryo; a few β-gal-stained mesenchymal cells (arrowhead) are seen adjacent to the atrioventricular canal. The heart of the End -/-embryo is much larger than that of the control and is devoid of trabeculae; mesenchymal cells are absent. At E10.5 cushion-tissue mesenchyme (arrowhead) from the End +/-embryo stains strongly positive for β-gal; in contrast, the heart of the End -/-embryo shows edema and signs of necrosis. Bar: 100 µm.
die at E10.5 of an inadequate yolk sac capillary network showing poor adhesiveness between endothelial and mesothelial layers (22, 23) . In vitro and in vivo mosaic studies with End -/-cells will be required to assess whether the impaired structural integrity of vessels is endothelial cell-autonomous or due to lack of production of PDGF-B, for example, required to recruit pericytes (21, 24, 25) . Angiopoietin-1 and its endothelial receptor, TIE-2/TEK, are also implicated in regulation of interactions between endothelial and mesenchymal cells and their extracellular matrix (18, (26) (27) (28) . Embryos deficient in TIE-2, with a related but distinct phenotype from those lacking endoglin, die at E9.5-E10.5. Endothelial cell number in the yolk sac of TIE-2 -/-embryos is reduced, whereas it is normal in End -/-embryos; both mutants show distended vascular channels, lack of vitelline vessels, hemorrhaging, and arrested heart development. An activating mutation of human TIE-2 tyrosine kinase leads to venous malformations, composed of dilated serpiginous channels with a variable thickness of smooth muscle cells (29) . In HHT telangiectases start as dilated postcapillary venules that eventually fuse with arterioles and show disorganized smooth muscle cells (30) . Thus, endoglin and TIE-2 might have complementary roles in regulating cellular interactions in the vessel wall.
The pattern of endoglin expression in the developing heart was very striking and allowed us to visualize the endothelial-mesenchymal transformation in the region of the atrioventricular canal, because both cell types express endoglin. Endoglin is present on the endocardium throughout human heart development and is also transiently upregulated on cushion tissue mesenchyme of both the atrioventricular canal and the outflow tract at 5-8 weeks of gestation, suggesting an important role in valve formation and heart septation (31). TGF-β 1 -deficient mice also show abnormal heart development at E10.5 (22, 32) . All 3 isoforms of TGF-β, and TβRII, have been implicated in cushion-tissue formation in vitro (33) (34) (35) (36) . Endoglin is detected on chicken mesenchymal cells undergoing transformation and migrating into the cushion tissue, closely following the expression of the TGF-β3 isoform (37) . It was proposed that betaglycan might be the component of the TGF-β receptor system responsible for endocardial cell trans- formation (38) . However, our previous work on embryonic human hearts and the data presented here collectively suggest that endoglin is essential for heart valve formation and septation. Disease manifestations were observed in some mice expressing a single copy of End, confirming that HHT1 is associated with a loss of function of the mutated allele (8) . Our observations that 13 out of 20 mixed C57BL/6-129/Ola with light coat color and 5 out of 10 129/Ola End +/-inbred mice showed clinical signs of HHT suggest that disease is associated with the 129/Ola background. This association implies that other gene(s) are contributing to the severity and heterogeneity of HHT. In the 129/Ola background, one such gene might be linked to coat color. It has been reported that 70-80% of 129/Ola inbred mice have dramatic alterations in liver and lung vasculature, such as portal shunting and reduction and truncation of peripheral vessels, compared with C57BL/6 and CBA/Ca mice (39, 40) . This phenotype might predispose mice with a single End copy to express HHT manifestations. The identification of modifier genes in the 129/Ola background is critical to our understanding of this complex vascular disorder and its underlying pathology.
The absence of clinical manifestations in half of 129/Ola End +/-mice and variation in age of onset and frequency of nosebleeds and telangiectases resemble the human disease, with heterogeneity even within a family. This suggests that epigenetic factors such as environment, blood pressure, oxygenation, shear forces, and hormonal levels must influence clinical manifestations (41) . More detailed analysis of a large number of affected End +/-mice might reveal severe complications of HHT1, such as pulmonary, hepatic, and/or cerebral AVM. Monitoring these vascular malformations by emerging techniques such as magnetic resonance (MR) microscopy (42) would give us a better understanding of their origin and progression.
Our studies demonstrate that endoglin plays a crucial role in vascular and cardiovascular development because its absence leads to death of murine embryos in utero at E10.0-10.5. Further analysis of endothelial and mesenchymal cells isolated from End -/-mice might allow us to identify the precise role of endoglin in modulating effects of TGF-β 1 and other members of this superfamily on blood vessel and heart development. A murine form of HHT was generated by ablating the expression of a single End allele, confirming that haploinsufficiency leads to this disorder. The observations that the 129/Ola background is more susceptible to disease suggest that additional genes contribute to this complex vascular disorder. This mouse model will be invaluable in understanding the underlying pathophysiology of HHT and in testing potential therapeutic strategies.
